Introduction random X inactivation ).
A requirement for Xist in cis for propagation of X inacti-X chromosome inactivation (X inactivation) provides the vation has been demonstrated by targeted deletion of mechanism of dosage compensation for X-linked genes transcribed regions (Penny et al., 1996 ; Marahrens et in XX female mammals relative to XY males (reviewed in al., 1997) . Importantly, the counting function of the Xic Heard et al., 1997). Both X chromosomes are active in was unaffected in these experiments. A more recent early preimplantation XX embryos, and transcriptional gene targeting experiment indicates that sequences dissilencing of a single X chromosome proceeds as cells tal to Xist are important in counting (Clerc and Avner, differentiate from totipotent embryonic lineages (Monk 1998) . Analysis of XY ES cells bearing a 450 kb Xist and Harper, 1979) . Studies in mouse have shown that YAC transgene demonstrated that Xist is sufficient for X inactivation first occurs in the extraembryonic troph-X inactivation (Lee et al., 1996) and that transgenic loci ectoderm and primitive endoderm lineages at the blasrecapitulate both counting and propagation functions tocyst stage. In these cells X inactivation is paternally (Lee et al., 1996; Lee and Jaenisch, 1997) . This was imprinted (i.e., the paternally derived X chromosome subsequently shown using a much smaller 35 kb trans- [Xp] is preferentially inactivated [Takagi and Sasaki, genic Xist construct that encompasses Xist, 9 kb of 1975]). X inactivation in the embryo proper occurs at the upstream sequence, and 6 kb of downstream sequence time of gastrulation in epiblast cells of postimplantation (Herzing et al., 1997) . embryos (McMahon et al., 1983) . In this case, initiation
We and others have recently shown that developof X inactivation is random, with an equal probability of mental up-regulation of Xist on the inactive X chromosome (Xi) allele is attributable to increased RNA stability Sheardown et al., 1997a) . Prior to ‡ To whom correspondence should be addressed. and in undifferentiated ES cells. As cells differentiate, Xi transcript is stabilized but Xa alleles continue to transcribe unstable RNA for a short period. Xa transcription is subsequently silenced Sheardown et al., 1997a) . In this study we show that the developmentally regulated changes in stability of Xist RNA are attributable to a promoter switch giving rise to stable and unstable RNA isoforms. Stable Xist RNA initiates from the previously published promoter or from a novel promoter located 1.5 kb further downstream. In contrast, unstable Xist RNA initiates at a second novel promoter located 6.5 kb upstream. Our observations demonstrate that promoter switching regulates Xist RNA stability at the onset of random and imprinted X inactivation.
Results

Multiple Promoters Control Xist Gene Expression
A single promoter has been identified in previous studies on the mouse Xist gene (Brockdorff et al., 1992; Sheardown et al., 1997b) and also the human gene (Hendrich et al., 1993 (Hendrich et al., , 1997 . Here we refer to this promoter as P 1 . Preliminary evidence for additional promoters came from analysis of Xist steady-state RNA levels. First, we obtained evidence that a novel promoter, designated P2, is located downstream of P1 and represents the major promoter utilized in XX somatic cells. As shown in Figure  1A , hybridization of probe mx1 to XX somatic cell RNA gives markedly stronger signal than probe mx2. This difference was observed using other downstream Xist The experiment shown in Figure 1A alleles . Levels detected with mx1 in XX ES cells were more variable, possibly re-( Figure 1A ). We used nuclease protection analysis to flecting the fact that a small proportion of cells spontafine map the actual site of initiation of transcription to neously differentiate and express stable P 1 and P 2 tranposition ϩ1503. Figure 3A illustrates an experiment usscripts.
ing mung bean nuclease and the antisense protection ES cell specificity of upstream transcripts was conprobe RP2. The protected band (P 2 ) was readily detectfirmed by RT-PCR analysis as illustrated in Figure 2 . The able using 10 g XX somatic cell RNA (lanes 5 and 6) CJ1/CJ2 primer pair in Xist exon 1 amplifies product and was absent in negative controls (lanes 2 and 4). In from ES cell and XX somatic cell cDNA, whereas CJ3/ addition to this major band we observed a weaker full-CJ4 and CJ5/CJ6 primer pairs, located 1.3 and 5 kb length protected product (FL) corresponding to tranupstream of P 1 respectively, only amplify product from scripts originating from P1. The relative intensities of ES cell cDNA. Finally, primer pair CJ7/CJ8 located 8 the FL and P2 bands is consistent with the previously kb upstream failed to amplify product from any of the determined proportion of transcripts originating from P 1 samples. This indicates that P 0 lies between 5 and 8 kb and P 2 ( Figure 1B ). Identical protected products were upstream of P 1 .
seen in experiments using S1 nuclease (data not shown). We did not detect protected products using 10 g total Analysis of the Major Somatic Promoter P2
RNA from XY ES cells (lane 3), presumably because of Quantitative steady-state RNA analysis narrowed down the location of P 2 to a region 1-2 kb downstream of P 1 the very low abundance of unstable Xist RNA in ES cells. Protection experiments using RP 1 and RP 3 showed fulllength protected product as a single band for XX somatic cell RNA (data not shown), suggesting that transcripts originate from the single mapped site within the P 2 region. There is no obvious TATA box consensus in close proximity to the P 2 start site, a feature also noted for promoter P 1 (Brockdorff et al., 1992; Sheardown et al., 1997b) . The difference in steady-state levels of P1 versus P2 transcripts could be attributable to different transcription rates, differences in relative stability, or a combination of the two. To analyze this, we compared P1 and .
RNA (lanes 5 and 6), mapping the transcription start site to ϩ1503
Thus, predominance of P 2 transcripts is attributable to bp. A weaker full-length protected band (FL) that corresponds to higher transcriptional activity of P 2 relative to P 1 . While transcripts initiated at P1 is also seen.
our data indicate that P1 and P2 transcripts have similar (B) Stability of P1 Xist transcripts (mx2 probe) relative to P1 ϩ P2 properties, we cannot rule out the possibility that they transcripts (w7d probe) was determined by quantitation of hybridizahave distinct functions in XX somatic cells. tion to RNA from XX somatic cells treated with ActinomycinD for up to 7 hr. Signal was normalized to 28s rRNA and is expressed as a percentage of that seen in untreated cells.
RNA FISH Analysis of P0 Transcription
Previous studies have shown that unstable Xist RNA, as seen in ES cells, appears as a fine punctate nuclear exon 1 in conjunction with mx8, spanning 5 kb of sequence upstream of P1 (Figure 4 ). Probes mx7 (red) and signal (Panning and Jaenisch, 1996; Sheardown et al., 1997a) . This contrasts with stable Xist RNA in XX somatic mx8 (green) both detected the fine punctate signal corresponding to unstable Xist RNA in undifferentiated XY cells, which is seen as a large nuclear signal covering the inactive X chromosome territory (Brown et al., 1992;  and XX ES cells (Figures 4A and 4B, respectively) . In counting experiments a single colocalizing signal was Clemson et al., 1996) . To further analyze transcription from promoter P 0 , we carried out dual-color RNA FISH seen in 96% of XY ES cells (n ϭ 317) and from both alleles in 81% of XX ES cells (n ϭ 161). Similar results using mx7, a probe that spans approximately 7 kb of were obtained with other XY and XX ES cell lines (data We next analyzed XT67E1 cells, an XX ES cell line in which both P 1 and P 2 and most of exon 1 of the Xist not shown). In contrast to this, accumulated stable transcript in XX somatic cells was detected only with the gene are deleted on a single allele (Penny et al., 1996) . As expected, only a single punctate signal is detected mx7 probe located in exon 1 ( Figure 4C ). In no case did we observe colocalizing signal with the upstream probe using mx7 probe (which spans the deleted region), but, interestingly, punctate signal from both alleles is seen (n ϭ 843).
Directionality of P0 transcripts in the upstream region with mx8 ( Figure 4F ). This indicates that the activity of the P0 promoter in ES cells is independent of P1 and P2. was confirmed using strand-specific probes generated by linear PCR from mx3 (corresponding to 1 kb immediFinally, we analyzed XY ES cell lines zH␤5 and zH␤10, which carry two and eight tandem copies, respectively, ately upstream of P1). Dual-color FISH analysis was carried out using a strand-specific probe (green) in conjuncof an ectopically integrated 35 kb Xist cosmid (Herzing et al., 1997) . The transgene includes the Xist gene, 9 kb of tion with double-stranded mx7 probe (red). In XY ES cells, we observed colocalizing punctate signal with the upstream sequence, and 6 kb of downstream sequence. Previous studies have shown that these cell lines regisantisense probe ( Figure 4D ) but not the sense probe ( Figure 4E ). Identical results were seen for strand-speter the transgene as a countable Xic and up-regulate either endogenous or ectopic Xist upon differentiation cific probes located 3-4 kb upstream and on both alleles in XX ES cells (data not shown).
(Herzing et al., 1997). We observed colocalizing punctate signal from two alleles in both zH␤5 and zH␤10 ES cells. A stronger signal was seen on one allele, consistent with expression from multiple copies of the transgene locus ( Figure 4G ). Detection of punctate signal from ectopic cosmid loci using mx8 probe confirms that P 0 lies within 9 kb upstream of P 1 .
Molecular Analysis of Promoter P 0
The site of initiation of transcription from P 0 was narrowed down to within a 135 bp region 6590-6725 bp upstream of P1 using RT-PCR analysis ( Figure 5A ). Products were readily amplified from XX and XY ES cell cDNA using primer pairs CJ9/CJ10 and CJ11/CJ12 (6.6 kb upstream of P1). However, the primer combination CJ12/ CJ13, where CJ13 is located 135 bp upstream of CJ11, did not amplify product. Other primer pairs located upstream of this point, for example CJ14/CJ15, also failed to amplify product. Examination of sequence in this region revealed no consensus TATA box close to the P 0 transcription start site.
To determine whether P 0 is the major site of initiation of unstable Xist RNA, we carried out quantitative steadystate analysis on XY ES cell RNA using additional singlecopy probes derived from the region upstream of P1. As shown in Figure 5B , ES cell transcript is detected with probes mx4 and mx5 (3 kb and 5.5 kb upstream, respectively) but not with mx6 (7 kb upstream). Data for probes mx1 to mx3 from Figure 1C are shown for comparative purposes. The strength of hybridization of probes mx1 to mx5 is similar in all cases, consistent with initiation of a contiguous unstable transcript from the upstream promoter P 0 . Figure 5C illustrates GpC/CpG sequence composition analysis of the region spanning all three promoters. Interestingly, there is a lack of CpG suppression characteristic of CpG islands immediately upstream of P 0 . CpG-rich regions are also associated with the P 1 and P2 promoters. Previous studies have demonstrated that CpG residues in the P1 and P2 regions are hypomethylated only on the expressed Xist allele in XX somatic cells (Norris et al., 1994) .
Developmentally Regulated Xist Promoter Switching
Recent studies have demonstrated rapid stabilization of Xist RNA on the Xi allele at the onset of random X ation (1-3 days) . In these cells Data for mx1-mx3 is from Figure 1 and is shown for comparative we always observed accumulated Xi RNA signal with purposes. RNA slot blot data were quantitated as described in random X inactivation in vivo [ Figure 6B] ). Thus, accumulation of stable Xist RNA in cis at the onset of X inactivation correlates absolutely with a switch from P 0 showed that Xist RNA transcribed from Xp in early preimplantation mouse embryos (Ͻ3.5 dpc) accumulates in cis, prior to X inactivation. Signal from Xm is rarely detected until the blastocyst stage and is always punctate . Examining early preimplantation stages, we found that the accumulating Xp RNA signal is only detected with the mx7 probe ( Figure  6C ). In blastocysts, where punctate Xm signal is observed, it is detectable with both mx7 and mx8 probes ( Figure 6D ). These results suggest that imprinted Xist expression is attributable to constitutive P1/P2 activity on the Xp allele. A switch to P0 transcription on both the Xp and silent Xm alleles presumably underlies erasure of the imprint required prior to the onset of random X inactivation in the epiblast.
Discussion
In this study we show that developmental regulation of Xist expression at the onset of X inactivation is mediated by alternative promoter usage. Prior to random X inactivation, Xist is transcribed from a novel upstream promoter P 0 in ES cells and in cells of the epiblast in the developing embryo. P0 transcripts are highly unstable and do not accumulate in cis. A switch to the downstream promoters P1 and P2 occurs on the Xi allele at the onset of X inactivation. P1/P2 transcripts are stable and accumulate in cis. The Xa allele continues to express unstable transcript from P0 for a short period and is ultimately fully silenced at the transcriptional level. Imprinted X inactivation in trophectoderm and primitive endoderm appears to result from predetermined P 1 /P 2 transcription on the Xp allele and absence of Xm transcription.
Correlation of Promoter Usage and Transcript Stability
Alternative promoter usage is a common mechanism in the regulation of gene expression. Variant transcripts can differ in rate of transcription, tissue or developmental stage specificity, coding potential, cellular localization, or mRNA stability (reviewed in Ayoubi and Van de Ven, 1996) . Our data indicate that Xist promoter usage determines RNA stability. Specifically, unstable and stable Xist transcripts appear to represent distinct RNA isoforms that initiate at promoter P 0 or promoters P 1 /P 2 , not from P0.
The hypothesis that Xist RNA isoforms determine stability leads to the prediction that the unstable Xist tranto P1/P2 transcription. Later stage differentiated XX ES cells, and also later stage XX embryos (Ͼ8.5 dpc), exhibit scripts observed in ES cells initiate exclusively from P 0 and not from P 1 /P 2 . In support of this, analysis of steadythe same pattern as XX somatic cells (i.e., accumulated Xi signal was detected with mx7 only, with no signal on state RNA levels in XY ES cells indicates that P 0 transcripts are contiguous throughout their length. In addithe Xa allele [data not shown]).
Correlation of RNA stability and promoter usage was tion, primer pairs flanking both P 1 and P 2 readily amplify RT-PCR product from ES cell cDNA (data not shown). also found for imprinted Xist expression. Previously we Nevertheless, these results do not completely rule out Our data suggest that there may be a significant correlation between the expression of unstable RNA from P0 that a low level of unstable transcripts could initiate from P 1 or P 2 . To further test the hypothesis that stability is and the ability of an Xic to be registered by the counting mechanism. The Xist deletion in XT67E1 XX ES cells determined by Xist RNA isoforms independent of cell background, it will be interesting to analyze ectopic Xist results in failure to X inactivate in cis. The counting function of the Xic, however, is unaffected (Penny et constructs driven by a heterologous constitutive promoter. The model predicts that ectopic transcripts initial., 1996) . Since the deletion extends into the minimal promoter of P 1 , it was originally assumed that the deleted ated at P 1 or P 2 will be stable and accumulate in cis both in somatic cells and in undifferentiated ES cells.
allele was null for Xist. Consistent with this we detected no Xist RNA expression immediately downstream of the In contrast, transcripts initiated at P 0 should be unstable both in ES cells and somatic cells.
deletion (Penny et al., 1996) . Data presented here, however, reveal that both alleles express unstable transcript A possible mechanism for regulation of differential stability is that the 5Ј end of the P0 transcript includes from P0. Similarly, a second Xist deletion that retains the counting function but fails to inactivate in cis was found sequences that target rapid degradation by ribonucleases. An alternative, though not mutually exclusive hypothesis to express unstable Xist RNA, presumably from P0, from the deleted allele in undifferentiated cells (Marahrens et is that the 5Ј end of the P0 transcript targets specific RNA transport factors. Diversion of Xist RNA away from al., 1998). Additionally, we observed that the Xist cosmid transgene loci in lines zH␤5 and zH␤10, which are registhe site of synthesis, perhaps out of the nucleus, may result in rapid degradation. There are numerous examtered by the counting mechanism, express unstable P 0 transcript. Similarly, both counting and P 0 expression ples of sequence elements responsible for rapid degradation of mRNA, for example in the 5ЈUTR of the c-myc have been observed in vivo with an Xist transgene insertion on the Y chromosome (M. Ager, personal communioncogene (reviewed in Atwater et al., 1990; Marcu et al., 1992) . Significantly, it has been reported that alternate cation).
A recent study has shown that deletion of a 65 kb promoter usage in the human HOX-5.1 gene gives rise to mRNA isoforms that differ in their 5ЈUTR and also in region distal to Xist results in an allele that is apparently not registered by the counting mechanism (Clerc and their stability (Cianetti et al., 1990) .
Avner, 1998). The chromosome bearing this allele undergoes X inactivation in cis by default; the Xist gene reControl of X Inactivation Previous studies have shown that there is a developmains intact and transcribes stable accumulating RNA, presumably from P 1 /P 2 , when cells differentiate. Interestmentally regulated region-specific demethylation over the P 1 /P 2 region in the male germline (Norris et al., 1994) . ingly, little or no unstable transcript was detected from the deleted allele in undifferentiated cells. Thus, in this It has been reported that this region is methylated in oocytes (Ariel et al., 1995; Zuccotti and Monk, 1995) . study, P 0 transcription again correlates with the ability of an Xist allele to be registered by the counting mechaTaken together these findings led to the suggestion that methylation patterns underlie imprinted Xist expression nism. The data also suggest that regulatory elements distal to Xist are important in P 0 transcription. in early preimplantation embryos. Erasure of the imprint prior to the onset of random X inactivation in epiblast Based on the above observations we suggest that transcription from P 0 is required for an Xist allele to be cells has been suggested to occur as a result of global demethylation at the blastocyst stage (Norris et al., registered by the counting mechanism and that transcription from P1/P2 is required for X inactivation in cis. 1994). Our results indicate that imprinted Xist expression occurs as a result of activation of P1/P2 on the Xp allele, This hypothesis leads to certain testable predictions. First, deletion of P0 would result in an allele that cannot and that erasure prior to the onset of random X inactivation involves activation of P0 on both alleles. In light of be counted and inactivates by default. Second, deletion of P 0 together with P 1 /P 2 would result in an allele that this, it will be interesting to determine the methylation status of the P 0 region on Xp and Xm both in the develcannot be counted and cannot inactivate in cis. This would be equivalent to the situation in the HD2 XX ES oping germlines and before and after erasure of the imprint in early preimplantation embryos.
cell line in which the entire Xic region is deleted on one allele (Rastan and Robertson, 1985) . Initiation of random X inactivation (counting and choice) occurs according to an n-1 rule in which diploid cells Experimental Procedures are proposed to "block" a single Xic at the onset of X inactivation. As cells differentiate, X inactivation proCell Lines ceeds in cis from unblocked Xics (Rastan, 1983) . In the ES cell lines used in this study were the PGK12.1 XX ES cell line context of our data, the developmentally regulated (Norris et al. 1994) , Efc-1 XY ES cells (provided by A.G. Smith), switch from P0 to P1/P2 transcription represents the detargeted XT67E1 XX ES cells (PGK12.1 deleted for Xist exon 1, fault situation occuring on n-1 alleles. Blocking would Penny et al., 1996) , and Xist transgenic XY ES lines zH␤5 and zH␤10 thus equate to repressing P 1 /P 2 activity on a single allele.
carrying two and eight tandem copies, respectively, of an Xist cosmid transgene (Herzing et al., 1997 ; kindly provided by A. Ashworth).
One possible model is that the promoter switch involves ES cells were maintained as described previously (Penny et al., mutually exclusive usage of shared enhancer/repres-1996). XX fibroblast cell line C127 was maintained as described sor(s) elements, such that maintenance of P 0 transcrippreviously (Jeppesen and Turner, 1993) . tion precludes transcription from P1/P2. This resembles the enhancer sharing mechanism proposed to explain Sequence Analysis reciprocal imprinting of the H19 and Igf2 loci (Leighton Sequence of 9 kb upstream of the previously reported promoter was obtained from a clone isolated from a C57Bl/10 genomic DNA et al., 1995). library and has been deposited in GenBank. Sequence composition Acknowledgments analysis was performed using WINDOW (window size ϭ 100, shift ϭ 3) and STATPLOT on the Wisconsin package (Devereux et al., 1984) .
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